We characterized, in 37 writer's cramp (WC) patients and 14 healthy volunteers (HV), the buildup of motor representations contralateral ("intended") and ispsilateral ("unintended") to the movement to be produced and the excitability changes in left primary motor cortex during the early reaction time (RT) of a pre-cued reaching movement to pick up a pen with either hand to write. We also tested the excitability of interhemispheric pathways from right dorsal premotor and motor cortices to left motor cortex. During early RT (1) the motor cortex excitability of unintended muscle representations did not decrease in patients as in HV and (2) the connection from the contralateral dorsal premotor cortex to the "intended" motor representation did not function in patients. In HV, the efficiency of intracortical GABA-ergic circuits at rest predicted the degree of excitability changes in the intended motor representation in the early RT. This was not true in patients who had lower efficiency of GABA-ergic circuits. Interestingly, the more severe was the writing impairment, the higher was the level of excitability in the intended and unintended motor representations. It demonstrates, for the first time, that abnormal motor preparation influences the severity of the writing impairment in WC patients.
Introduction
Writer's cramp (WC) is a task-specific, focal hand dystonia (FHD) characterized by excessive, unwanted muscle contractions which cause abnormal posturing of the hand while writing (Fahn 1988) . The task-specificity in simple WC suggests that an abnormal motor program for writing (Kaji et al. 1995) is at play more than a pure motor execution defect. This argument gathers support from 3 observations. (1) Patients with WC have reduced surround inhibition (Hallett 2000) , that is, a reduced silencing of unwanted neighboring muscle representations at the primary motor cortex (M1). (2) Functional changes in the motor control system are not confined to motor execution per se.
Functional MRI studies in patients with FHD showed increased activity in the premotor cortex when the imagined action was related to writing (Delnooz et al. 2013) or decreased activity in a network that included the M1, the premotor regions, and the putamen, when the imagined action was drawing geometric figures (Castrop et al. 2012) . (3) A recent imaging study examined the pattern of cerebral activation during the premovement period of prelearnt, 4-digit, sequential movements in WC. The dorsal premotor cortex (dPMC) and M1 were under-active regardless of the side of hand movement (Jankowski et al. 2013) . While this study emphasized global impairment of motor preparation in task-specific FHD, irrespective of the task, in another study, patients with cervical dystonia were able to adequately prepare a neck movement (Serranová et al. 2012) . It is worth noting that this latter study involved patients with a focal yet not task-specific form of dystonia and used an indirect method to assess motor preparation. This prompted us to gather more insights into motor preparation in task-specific dystonia. In healthy subjects, different cognitive processes (competition resolution, selection, and planning) are at play during the premovement period to shape the final motor response (Cisek 2007; Duque et al. 2012) . "Motor preparation" most often, refers to the time between an imperative "GO" signal and the movement onset. According to whether or not the GO signal was preceded by a precue, and whether the instructions were given at the time of the precue or of the GO signal, the cognitive content of the motor preparation time varies (Bestmann and Duque 2016) .
The first aim of this study was to confirm whether there was faulty motor preparation in WC and whether it was specific to writing or related to the severity of their writing difficulty. Subjects performed a reaction time (RT) task that involved a choice between 2 predefined options: to reach a pen and write using either the right or the left hand. In this situation, "motor preparation" (time between the GO signal and the EMG onset) involves selection of the side of the movement and shaping the motor maps responsible for the movement to be produced (referred hereafter as "intended"), along with deactivation of the contralateral motor maps (referred to hereafter as "unintended") responsible for the movement to be withheld (Bestmann and Duque 2016) . Motor preparation is reflected in the "intended motor representations" (in the left motor cortex for a right-hand movement) by the timely enhancement of their activity during the RT. It was assessed by measuring the changes in size between rest and during the RT of control motor evoked potentials (MEPs) recorded in right-hand muscles. The experiments were repeated in a subgroup of subjects performing the same reaching task but without a "writing" component, to find out whether the impairment of motor preparation depends on the presence of a writing goal in the motor tasks. In order to explore a potential link between the severity of the WC and the faulty motor preparation, the MEPs sizes were correlated with the severity of the writing impairment carefully quantified using a new clinical scale (NIH, Hallett M) .
The second aim of the study was to find out whether the excitability changes during motor preparation were specifically related to the presence of mirror dystonia in WC. The unique phenomenon of mirror dystonia refers to dystonic postures of the symptomatic hand when the patient tries writing with the asymptomatic hand (Sitburana and Jankovic 2008) and is reported in~50% of WC patients (Jedynak et al. 2001 ). Mirror dystonia is considered to represent the pure dystonic movements in the symptomatic hand, as it is not intermixed with compensatory movements that enable writing (Singer et al. 2005) . Therefore, we examined the changes in excitability favoring mirror dystonia in the left motor cortex during the preparation for a left-hand movement for writing (i.e., in "unintended" motor representations).
MEPs changes during motor preparation may relate to various in situ or remote influences. Among the former, we tested the local GABA-ergic inhibitory circuits by measuring short interval intracortical inhibition (SICI) with a double-pulse TMS technique. Among the latter, the dPMC is involved not only in the process of action selection but also in withholding or releasing the selected movement (Kroeger et al. 2010) . While dPMC→M1 interaction is modulated as early as during the first 20% of the RT O'Shea et al. 2007; Liuzzi et al. 2010) , the interhemispheric inhibitory M1→M1 interactions are modulated later during the RT suggesting different roles for these 2 areas during motor preparation (Liuzzi et al. 2010) . In humans, these roles of dPMC or contralateral M1 during the premovement period have been explored by applying dual-site TMS during simple reaction time (SRT) or choice reaction time (CRT) tasks (Chouinard and Paus 2010; Liuzzi et al. 2010; Hinder et al. 2012) . Functional disturbances in intra-(dPMC left →M1 left ) (Pirio Richardson et al. 2014 ) and interhemispheric (dPMC left →M1 right ) (Koch et al. 2008 ) dPMC→M1, and in M1→M1 (Beck et al. 2009; Sattler et al. 2014; Bäumer et al. 2016) interactions are described in dystonic patients. We chose to assess interhemispheric dPMC→M1 interactions, keeping in mind that intrahemispheric connections are prone to confounding factors like the spread of the TMS effect to the adjacent M1 unless specially designed small coils are used (Groppa et al. 2012a ). We tested the dPMC right →M1 left interactions despite the dominance of the left dPMC in the selection process (Mochizuki et al. 2005 ) to examine whether the supposedly "unaffected" right hemisphere (issuing non-dystonic motor command) exerts normal control over the "affected" left hemisphere. In short, we tested the modulation of the resting excitability of the left M1 in righthanded subjects during the early preparatory phase of reaching for a pen to write with either hand (1) without any conditioning stimulus to the opposite hemisphere, (2) after a conditioning stimulus to the right dPMC, and (3) after a conditioning stimulus to the right M1. These were compared between WC patients and age-matched healthy volunteers (HV).
Materials and Methods

Subjects
Thirty-seven subjects (6 female, mean age 33.6 ± 12.6 years) with primary, isolated WC (21 with mirror dystonia or WCMD+, and 16 without mirror dystonia or WCMD−) and 14 agematched HV (8 female, mean age 31.0 ± 2.7 years) (WC versus HV for age, unpaired t-test P = 0.6) were recruited by a movement disorder specialist after careful neurological examination. All subjects were right-handed, based on the Edinburgh Handedness Inventory (Oldfield 1971) . Subjects with a history of neurological or psychiatric disorders or on drugs acting on the nervous system were excluded. Patients receiving botulinum toxin therapy were included only if at least 4 months had lapsed since the last session. The study was approved by the institutional ethics committee and all subjects gave written informed consent according to the declaration of Helsinki.
Experimental Setup
Main Experiment All 37 subjects came for 2 sessions at least 1 week apart. During each session, the subjects performed a precued reaching movement to pick up a pen with either hand to write (see below). The excitability changes between rest and the beginning of the RT were tested in the left M1 for right and left-hand movements. In addition, in one session, the dPMC → M1 interaction was also tested at the same time points while in the other session the M1→M1 interaction was tested (Fig. 1) . The order of the sessions was pseudo-randomized. Clinical testing and video recording (Sitburana et al. 2009 ) were done prior to the first session. The writing impairment and presence of mirror dystonia were evaluated (Supplementary Methods) by a movement disorders specialist using the Writer's cramp rating scale.
Control Experiment
Nine patients (6 WCMD+ and 2 WCMD−) who had participated in the main experiment came for an additional session. They performed the same reaching movement as in the main experiment but towards a neutral spot and without any writing purpose. The excitability changes between rest and the beginning of the RT were tested in the left M1 for both right and left-hand movements and for the dPMC right →M1 left interaction.
Behavioral Tasks An externally cued CRT task was adapted from previous studies in HV O'Shea et al. 2007) . Each trial began with a warning auditory signal. The GO signal followed the auditory signal by 1-3's. It was a visual cue presented on a computer screen placed 120 cm in front of the subject. A small circle or large square indicated a right-hand response, while a large circle or small square indicated a left-hand response. These 4 stimulus-response associations were pseudo-randomized across subjects. The fact that neither the size nor the shape indicated the responses ensured that the actions were selected with care, even after practice. The subjects were instructed to reach and pick up a pen placed on a sheet of paper on a table in front of them, 50 cm from their body midline, 20 cm from the tip of their finger and then to hold the pen and write their name. According to the visual cue they used the right or left hand. The subjects were instructed to respond as quickly and as accurately as possible. The inter-trial interval was 6-7 seconds. In all experiments a warning auditory signal was followed 1-3 seconds after by 1 single shape visual stimulus presented at the beginning of each trial. According to the shape and size of the stimulus the subject had to make a movement with the right or left hand to reach and pick up a pen placed in front of them and started writing their names. In Experiment 1: One TMS coil was placed over the right dPMC and the other over the contralateral left primary motor cortex (M1). The paired-pulse trials had 8 or 10 ms interval between the first "conditioning" TMS pulse (to dPMC) and the second "test" pulse (to M1). In Experiment 2: One TMS coil was placed over the right primary motor cortex and the other over the contralateral left primary motor cortex (M1). On paired-pulse trials, there was a 10 or 40 ms interval between the first "conditioning" TMS pulse (to right M1) and the second "test" pulse (to left M1). In both experiments MEPs were recorded from the right FDI, ADM, and ECR muscles. (B) Representative EMG patterns during the reaching movement toward the pen by a WC patient and a HV. The vertical dotted line indicates the time of the delivery of the GO signal.
In the control experiment, the warning and the GO signals were the same as in the main experiment, yet the subjects were asked to reach a black cross drawn on the table at the same distance as the pen in the main experiment.
Transcranial Magnetic Stimulation
In both experiments, voluntary EMG activity was recorded bilaterally from both first dorsal interosseus (FDI) and abductor digiti minimi (ADM) and extensor carpi radialis (ECR) muscles in all subjects and additionally from the right extensor carpi radialis (ECR) muscle in 16 patients and 11 controls. MEPs were recorded only from right muscles using a 70 mm figure-of-8 coils connected to a MAGSTIM200 unit (Magstim Ltd) oriented to induce posterior-anterior directed currents. The peak-topeak amplitude of each single EMG response was measured and the mean size of the MEP for each condition (see below) averaged from these values.
Each session started by localizing the motor "hotspots" of both FDI muscles and the spot in the right dPMC (see below). Localization of the right dPMC was checked using 3 methods (see Supplementary Methods) and the coil was held with the handle pointing laterally to induce a medially directed current in the targeted cortex. The 3 spots (left and right M1, right dPMC) were marked on each subject individual MRI and stored in a MRI-based neuronavigation system (Brainsight 2, Rogue Resolutions). During the experiments the positions of the coils (70 mm 8-shaped coil on the left M1 and 50 mm 8-shaped coil on dPMC or right M1) were permanently monitored. Then, we measured the resting (RMT) and active motor thresholds (AMT) following the standard procedure (Rossini et al. 1994) for each FDI muscle (AMT was measured only on the left M1). The intensity curve of SICI leftM1 was drawn using a 1 mV test MEP preceded (ISI: 3 ms) by a conditioning stimuli at 70, 80, 90% AMT leftM1 . Fifteen test MEPs and 15 conditioned MEPs were averaged for each intensity of the conditioning stimulation. Subjects were then trained to perform the task during 20-30 trials before starting each experiment.
Interactions between dPMC right →M1 left and M1 right →M1 left were first tested at rest. Fifteen test pulses targeting the right FDI hotspot and 30 paired pulses were delivered randomly. The conditioning pulse preceded the left M1 test pulse by interstimulus intervals (ISI) of 8 and 10 ms for the dPMC right , or 10 and 40 ms for the M1 right . Intensity of the test pulses was adjusted to evoke 0.5-1 mV MEPs. The intensity of the conditioning pulses was set at 110% RMT rightM1 . The cortico-cortical interactions were then tested during movement preparation, with TMS pulses delivered at 75 and 100 ms after the GO signal. Half of the trials contained only test pulses, while the other half contained paired pulses.
Twelve conditions were explored, distributed between 2 behavioral instructions (move left or right hand), 3 TMS conditions (single pulses and paired pulses with 2 different ISIs), and 2 time points after the GO signal (75 and 100 ms). Each condition was repeated 5× within a block consisting of 60 trials and lasting~10 min. In total, 4 blocks were performed over~50 min (240 trials; 20 repetitions of each condition).
Statistical Analysis
RT and RMT were compared between the 2 groups using rANOVA with GROUP (WC vs. HV) as the intersubject variable, and SIDE (right vs. left movement) and SESSION (dPMC right → M1 left vs. M1 right →M1 left ) as the repeated factors.
We first tested whether, in each group (HV, WC) there was a statistically significant SICI for each of the 3 intensities used. To that end, the raw values of the test and the conditioned MEPs were compared using paired t-tests. We, then compared the intensity curves of SICI between groups using rANOVA with the SICI ratios (MEP conditioned / MEP test ) at the 3 conditioning intensities (70, 80, 90% AMT) forming the repeats and GROUP (WC, HV, or HV, WCMD+ and WCMD−) as the intersubject variable. Unpaired t-tests were then used to assess the GROUP effect for each intensity.
To find out whether the dPMC right →M1 left and M1 right →M1 left inhibitions at rest differed between groups, rANOVAs were performed with the raw values of the MEPs before and after conditioning stimulations at different ISIs (8 and 10 ms for dPMC right →M1 left , 10 and 40 ms for M1 right →M1 left ) forming the repeats and GROUP (WC and HV) as the intersubject variable.
Modulations of basal excitability and of cortico-cortical interactions during the RT were assessed by rANOVA with TIME factor forming the repeats (75 and 100 ms after the GO signal) and GROUP (WC, HV) as the intergroup variable. When testing modulation of the test MEP, its normalized values were used (MEP during_preparation /MEP at_rest ) and SIDE was added as intra-subject variable. When testing dPMC right →M1 left and M1 right →M1 left interactions, each movement side was tested separately and the inhibitions were calculated as ratios: MEP conditioned / MEP test . All analyses were repeated replacing the GROUP variable (HV, WC) with the extended GROUP variable (HV, WCMD+, WCMD−).
We looked for correlations between the physiological variables and the clinical scores using linear regression analyses.
Results
Clinical characteristics of subjects are shown in Table 1 .
EMG Pattern and RT
EMG pattern was quite consistent among the patients and healthy controls with EMG activity in ECR appearing first, followed by ADM activity and then FDI activity (see Fig. 2 ). Four patients and 1 HV had different EMG patterns for either hand movements with ADM EMG activity being the latest. This latter pattern was also observed yet only for right-hand movements in 5 patients and only for left-hand movements in 2 patients.
The RT was the time between the GO signal and the onset of the voluntary EMG in the FDI. It was measured for each experiment and movement side (see Supplementary Table 1 ).
The RT was not different between experiments 1 and 2 or between healthy controls and patients, but it was slightly longer for the left-hand movement.
Motor Thresholds
The RMT FDI was not different between the left and right hemisphere, or between HV and WC (Supplementary Table 2 ). The AMT FDI was not different between HV and WC.
SICI Intensity Curve
SICI was already present in either group at the lowest intensity used (70% AMT) and increased with conditioning stimulus intensity albeit to a little lesser extent in WC than in HV (GROUP: F 1, 48 = 0.6, P = 0.5; INTENSITY: F 2, 96 = 18.5, P < 0.0001; GROUP*INTENSITY: F 2, 96 = 3.0, P < 0.05; unpaired t-tests: SICI 0.7 WC versus HV, P = 0.3; SICI 0.8 P = 0.4; SICI 0.9 P = 0.1 Fig. 2A ). The intensity curve of SICI was not significantly different between HV, WCMD+ and WCMD− (GROUP: F 2, 47 = 1.7, P = 0.2; INTENSITY: F 2, 94 = 16.1, P < 0.0001; INTENSITY*GROUP: F 4, 94 = 2.2, P = 0.07).
Modulation of Left M1 Excitability During Movement Preparation
MEP from Right FDI Muscle As there was no significant difference between the sizes of the test MEP of right FDI muscle at rest in experiments 1 and 2 (1.16 ± 0.8 mV vs. 1.12 ± 0.4 mV, paired t-test: P = 0.7), the values from the 2 sessions were averaged (Fig. 3) .
The test MEP was differentially modulated between HV and WC, according to the side of hand movement (TIME: F 1, 46 = 9.3, P < 0.005; GROUP*SIDE: F 1, 46 = 6.6, P < 0.01; GROUP F 1, 46 = 0.9, P = 0.3; SIDE: F 1, 46 = 1.8, P = 0.2). Both groups showed a facilitation of the right FDI MEP, 75 ms after the GO signal, irrespective of the side of the movement. Later in the RT (100 ms), in HV, the MEP amplitude dropped to its value at rest for the left-hand movement but remained facilitated for the right-hand movement (SIDE: F 1,13 = 8.2, P < 0.01; TIME: F 1,13 = 8.5, P < 0.01; SIDE*TIME: F 1,13 = 4.9, P < 0.04). In contrast, in patients the right FDI MEP did not return to rest value in the RT of left-hand movement and instead remained facilitated, just as during the RT of right-hand movement (SIDE: F 1,33 = 1.1, P = 0.3; TIME: F 1,33 = 3.0, P = 0.1; SIDE*TIME: F 1,33 = 0.01, P = 0.9) (Fig. 3 upper left) . There was no difference between WCMD+ and WCMD− patients.
MEP from Right ADM Muscle
For this analysis, we removed the data of 8 subjects (4 patients and 4 HV) who had very small MEPs in the ADM (<0.2 mV). In the remaining 42 subjects, there was no significant difference between the size of the MEP at rest across the 2 experimental sessions (0.78 ± 0.4 mV versus 0.78 ± 0.3 mV, P = 0.7) and so the values of the 2 sessions were averaged.
The same analysis, as with the FDI MEP, was performed. While on Figure 3 it may appear that patients facilitated their ADM MEPs more than the HV during the RT, the difference did not reach statistical significance due to the high variability of the ADM MEPs (TIME F 1,40 = 0.6, P = 0.4, SIDE: F 1,40 = 0.9, P = 0.3, M  34  26  18  200  50  M  24  23  22  280  50  M  30  17  10  240  50  M  50  35  8  150  70 GROUP: F 1,40 = 0.7, P = 0.4, no interactions). There was no difference between WCMD+ and WCMD− patients.
MEPs from Right ECR Muscle
Data from 1 HV and 3 patients were withdrawn from the analysis, as the MEPs at rest were <0.2 mV. The remaining group included 10 WCMD+, 4 WCMD−, and 10HV. The size of the MEP at rest was not different between the 2 experimental sessions (0.49 ± 0.3 mV vs. 0.55 ± 0.5 mV), so the data were averaged. ECR MEPs were differentially modulated according to the GROUP (HV vs. WC) and the MOVEMENT SIDE (SIDE: F 1, 22 = 1.5, P = 0.2; TIME: F 1, 22 = 0.4, P = 0.5, GROUP: F 1, 22 = 0.7, P = 0.4, SIDE*GROUP: F 1,22 = 6.6, P < 0.02). The interaction was due to a larger right ECR MEP size in patients during the RT for the left than for the right movement while in HV, the right ECR MEP was facilitated to the same levels for left and right movements (WC: SIDE: F 1,13 = 5.1, P < 0.03, TIME: F 1,13 = 0.2, P = 0.6, no interaction, HV: SIDE: F 1,10 = 3.1, P = 0.1; TIME 1,10 : F = 5.6, P < 0.04, no interaction) (Fig. 3 lower row) . There was no difference between WCMD + and WCMD− patients.
Correlations
In HV, subjects with a strong SICI at rest had a larger facilitation of the test FDI MEP during the RT of a right movement (75 and 100 ms after the GO signal) (Fig. 2B) . This was not true in the patient group (linear regression: in HV: P < 0.005, r = 0.5; in WC: P = 0.1, r = 0.2). Such a correlation did not exist for the ADM either in the HV or in the patients (in HV: P = 0.9, r = 0.02; in WC: P = 0.06, r = 0.2). In patients, the larger the right FDI test MEP size during the "for right movement" (pooled 75 and 100 ms), the worse was the writing score (P < 0.0003, r = 0.4 (Fig. 4, upper row) . This was true for 75 ms (P < 0.03, r = 0.4) and 100 ms (P < 0.005, r = 0.5) of RT. Interestingly, this was also true during the RT "for left movement" (pooled 75 and 100 ms) (P < 0.0001, r = 0.5) (Fig. 4 , upper row) and this was true for 75 ms (P < 0.003, r = 0.5) and 100 ms (P < 0.004, r = 0.5) of the RT. There was no correlation of MEP size with age at onset of symptoms or duration of symptoms. The ECR test MEP size during the RT (pooled 75 and 100 ms) also correlated with the writing impairment with larger MEPs associated with worse writing scores (right movement: P < 0.04, r = 0.04; left movement: P < 0.005, r = 0.5) (Fig. 4, lower row) .
The ADM MEP sizes during the RT did not correlate with the writing score (P = 0.6, r = 0.06).
Modulation of Left M1 Excitability by Right dPMC Conditioning during the Choice RT
Stimulating the right dPMC 8 or 10 ms before stimulating the FDI hotspot in the left M1 induced a significant inhibition of the FDI MEP (Mochizuki et al. 2004 ) that was not different between HV and WC (see Supplementary Results) (Fig. 5) .
MEP from Right FDI Muscle
For a right-sided movement: 75 ms after the GO signal, the dPMC→M1 inhibition was suppressed in both HV and WC (Table 2) . Later (100 ms after the GO signal), the inhibition was replaced by facilitation in the HV group (FDI MEP reached 150% of its value at rest) while, in the WC group, inhibition remained at the same level as at 75 ms after the GO signal (Table 2 , Fig. 5 , left upper row). The dPMC-M1 inhibition was similarly modified in WCMD+ and WCMD− patients (rANOVA: GROUP (HV, WCMD +, WCMD−) F 2, 47 = 3.3, P < 0.03, TIME: F 2,94 = 9.3, P < 0.0002, GROUP*TIME F 4,94 = 3.6, P < 0.008; Bonferroni: WCMD+ versus HV: P = 0.01, WCMD− versus HV: P = 0.01) (Fig. 5, left second row) .
For left-sided movement: the right dPMC-left M1 inhibition was suppressed both at 75 ms and 100 ms in both HV and WC patients ( Table 2 , Fig. 5, right upper row) . The dPMC→M1 inhibition was similarly modified in WCMD+ and WCMD− patients (rANOVA: GROUP: F 2,47 = 0.8, P = 0.4, TIME: F 2,94 = 11.1, P < 0.0001, no interaction) (Fig. 5, right second row) .
MEPs from Right ADM and ECR Muscles
Stimulation of dPMC did not induce obvious change of ADM and ECR MEP sizes for right or left movements, in either HV or WC group. For the ECR in the WCMD− group, the right dPMC stimulation induced a facilitation of the MEP during the RT of only right movement (right movement: GROUP (HV, WCMD+, WCMD−): F 2,25 = 3.5, P < 0.05; TIME: F 2,50 = 2.3, P = 0.1; no interaction; left movement: GROUP: F 2,25 = 0.2, P = 0.8; TIME: F 2,50 = 1.0, P = 0.3; no interaction) (Fig. 5, left lower row) .
Modulation of Left M1 Excitability by Right M1 Conditioning During Choice RT
In agreement with previous studies (Daskalakis et al. 2002) , stimulating the M1 right 10 and 40 ms before M1 left -induced significant MEP inhibitions for both FDI and ADM, while for ECR it was only significant at the 40 ms (see Supplementary Fig. 2, Table 2 ). Both these interhemispheric inhibitions (IHI 10 and IHI 40 ) were similar levels in the HV and WC groups (Table 2 and Supplementary Results). However, since IHI 10 and IHI 40 seem to operate through different neural circuits (Daskalakis et al. 2002) , they were analyzed separately. The statistics and the synopsis of the changes for both IHI 10 and IHI 40 concerning all muscles recorded are presented in Tables 2 and 3, respectively.
Control Experiments
We tested how the size of the test MEP influenced movementinduced changes in inhibition. The results are presented in Supplementary Results and Figure 1 . To find out in which extent the changes observed in WC patients during motor preparation were specific of the task "to reach a pen and write," we compared, in a subgroup of patients, the MEPs and dPMC→M1 inhibition from the main experiment with those obtained during a control task when patients prepared to reach a spot without the intent to write (TASK: reaching Figure 5 . Changes in excitability of the pathway between the right dPMC and the left M1 at the beginning of the RT for right and left reaching movement toward a pen to write. The size of the right FDI, ECR and ADM test MEsP conditioned by a stimulation of the right dPMC (ISI = 8 ms) is normalized to its value without conditioning stimulation (y-axis) and is plotted against the time elapsed after the instructive GO signal (x-axis). Each dot represents the mean of 15 MEPs. In the upper row, the whole group of WC patients is compared to the healthy controls while in the lower 3 rows the subgroups of patients with and without mirror dystonia are compared to the healthy controls. Statistical results presented as in Figure 2 . a pen to write versus reaching a spot without the intent to write). The MEPs were compared between these 2 tasks at rest and during the movement.
The MEP FDI and the MEP ADM at rest were not different between the 2 tasks (FDI: reaching a pen to write: test MEP = 1.03 ± 0.39 mV, just reaching: test MEP = 1.02 ± 0.37 mV, t-test: P = 0.9; ADM: reaching a pen: MEP = 0.59 ± 0.25, reaching: MEP = 0.45 ± 0.21, t-test P = 0.4). The dPMC→M1 inhibition at 8 ms ISI was also similar at the 2 tasks (PMC→M1 inhibition reaching a pen to write: 74 ± 28%, reaching: 78 ± 23%, t-test P = 0.7).
In the subgroup of 9 patients, we first analyzed the changes of test MEP sizes between rest and during the RT of each reaching task separately. The results are presented in Supplementary Data and Figure 3 . Then, we compared the normalized values of the MEPs (RT/rest) between the 2 tasks.
The right MEP FDI was similarly modulated during the 2 reaching tasks performed with either hand (TASK: F 1,16 = 0.04, P = 0.8; SIDE: F 1,16 = 0.04, P = 0.8; TIME: F 1,16 = 0.01, P = 0.9; no interaction). Facilitation of the MEP ADM was bigger during preparation for reaching the pen with the intent to write than for just reaching a point for either side of movement (TASK: F 1,16 = 5.4, P < 0.03; TIME: F 1,16 = 0.2, P = 0.7; SIDE F 1,16 = 0.2, P = 0.7; no interaction).
MEP ECR seemed to be bigger during preparation for reaching the pen with the intent to write than for reaching a point for either side of movement but the difference did not reach statistical significance (TASK: F 1,13 = 1.9, P = 0.2; TIME: F 1,13 = 1, P = 0.3, SIDE: F 1,13 = 3.9, P = 0.07, no interaction).
The dPMC→M1 inhibition resulted in similar changes for the 2 tasks (right movement TASK: F = 0.8 P = 0.4; TIME: F = 3.5, P < 0.04; Bonferroni: rest vs. 75 ms: P = 0.01, rest vs. 100 ms: P = 0.1; left movement TASK: F = 0.04, P = 0.8; TIME: F = 4.6, P < 0.02; Bonferroni rest vs. 75 m: P = 0.01, rest vs. 100 ms: P = 0.01).
In the ADM muscle, during the RT for right or left movement, there was no obvious change of excitability of the dPMC→M1 connection in either task (right movement TASK: F 1,15 = 0.9, P = 0.3; TIME: F 2,30 = 1.5, P = 0.2; no interaction; left movement TASK: F 1,15 = 0.1, P = 0.7; TIME: F 2,30 = 1.8, P = 0.2; no interaction).
Discussion
In this study, the left M1 excitability was tested in right-handed patients with WC and HV at the beginning of preparation time of a pre-cued, reaching movement to pick up a pen with either hand with the explicit intent to write. MEPs were recorded from 3 right-sided muscles: ECR involved in reaching, FDI in grasping the pen, and ADM in stabilizing the hand. The study revealed 2 specific abnormalities in the recruitment of the intended and unintended muscle representations in patients with WC. (1) Although both groups showed bilateral facilitation of muscle representations early in the RT (75 ms post GO signal), the excitability of the contralateral, unintended FDI representation returned to normal at 100 ms only in the HV and not in the patients. (2) The inhibition exerted by the dPMC right on both the 
Failure of Muscle Selection Process in WC
Between the warning and the GO signal, the subjects knew that they would have to perform a right or a left hand reaching and both options are encoded in M1. This was reflected by the enhanced excitability compared to rest of FDI, ADM, and ECR motor representations, for either movement at the very beginning of the RT (75 ms). Later, between 75 and 100 ms after the GO signal, the motor excitability pattern was seen to build up in the left M1, as shown by the decrease in excitability when left FDI representation was part of the unintended movement representation and by the dPMC-induced increase in excitability when left FDI representation was part of the intended movement representation (Table 3) . This is congruent with previous primate and human studies. In monkeys, facing 2 potential reaching targets, both options were encoded in the dPMC neurons immediately following the appearance of cues, but only the selected option remained encoded 110 ms after the cue appeared (Cisek and Kalaska 2005) . We observed a dPMC right →M1 left induced facilitation occurring at around 10-15% RT of right movements in a dual-CRT task (mean RT of 800 ms) similar to the dPMC right →M1 left -induced facilitation occurring in previous reports using a CRT task (10-15% RT, mean RT~650 ms) (O'Shea et al. 2007 in their Supplementary Table 1) or a SRT task (20% RT, mean RT:~185 ms) (Liuzzi et al. 2010) . It was argued that dPMC→M1 interaction observed at 10-15% RT reflects premotor engagement in the selection process because (1) facilitation was reported to occur after left dPMC and not or less after right dPMC stimulation , fitting with the notion of dominance of left dPMC over the right one for selecting arbitrary cues (Schluter et al. 2001; Johansen-Berg et al. 2002; Mochizuki et al. 2005) , and (2) because such a facilitation did not occur when a SRT task was used instead of a CRT one (O'Shea et al. 2007 ). This interpretation is debatable. Indeed, we found a (1) facilitation after right dPMC stimulation as in the 2 other studies (see above), however, (2) the facilitation during the SRT task described by O'Shea and collaborators (O'Shea et al. 2007 ) was not absent, but shifted earlier at 50 ms, a shift possibly due to a shorter RT in the SRT than in the CRT task. Early dPMC right →M1 left facilitation during the RT may not imply a selection process. The premovement time involves, in addition to the action selection, planning of the action chain (if the motor instructions are incomplete), and the final motor preparation per se (Hoshi and Tanji. 2007) . Whether these processes develop serially or, at least partly, in parallel (Cisek 2007 ) is still under discussion. In our task, motor planning was unlikely to be engaged or only to a very limited extent, as the full motor instruction was available in the GO signal. Therefore, right dPMC-induced facilitation of the intended FDI representation may relate more to the preparation per se than to the selection or planning processes. Another feature of motor preparation is the decrease of excitability in the unintended representation. This was previously reported (Burle et al. 2004; Duque et al. 2005; Koch et al. 2006; Greenhouse et al. 2015) and attributed either to the selection process or to a generalized motor inhibition to reduce background noise (Greenhouse et al. 2015) . The fact that we did not observe an inhibition of the ADM (a muscle used to stabilize the hand for grasping yet not directly engaged in the task) favors the former hypothesis.
The features characterizing the preparatory process seen in HV were lost in WC patients: 100 ms after the GO signal, patients were unable to suppress the unintended FDI representation and the contralateral dPMC did not facilitate the intended FDI representation (Table 3 ). In addition to failing to separate intended from unintended FDI representations in a timely manner, the enhanced left M1 excitability might also contribute to the faulty motor preparation. This is supported by the correlation between the level of excitability in the intended and in the unintended FDI representations during the preparatory process and the degree of writing impairment. Abnormal motor preparation in WC was suggested years ago (Kaji et al. 1995; Hallett 2000) based on abnormalities of EEG parameters and evoked potentials in the premovement period (Deuschl et al. 1995; Kaji et al. 1995; Ikeda et al. 1996; Hamano et al. 1999; Murase et al. 2000; Zeuner et al. 2009 ). The present study confirms a faulty motor preparation in WC as shown by the inability of the patients to build up the adequate motor pattern in the primary motor cortices. The results of the control study showing that motor preparation is also impaired when patients were engaged in a reaching task without any writing component point towards a generalized disturbance in discriminating the intended and unintended muscle representation patterns in different goal-oriented tasks in WC. It also pleads against a direct role of faulty motor preparation in task-specificity of dystonic symptoms. It corroborates the results of a recent fMRI study where under-activation in the premotor cortex and precentral gyrus was observed in FHD patients compared with controls during the preparation of a sequence of 4 button presses which was independent of the effector type and occurred in the absence of dystonic symptoms (Jankowski et al. 2013) . On the other hand, we found a correlation between the excitability level of intended and unintended right FDI representation maps and the severity of the writing impairment. We hypothesize that the defective discrimination of the appropriate muscle representations may serve as a substrate for a particular erroneous motor program to get reinforced when a motor task is excessively repeated. The excitability of the FDI and ADM cortical representations are differently modulated depending on the geometry of the whole upper limb and on the purpose of the action (Dominici et al. 2005; Del Santo et al. 2007) . So, while the FDI was involved in both actions (reaching a target with and without the intent to write), the ADM should had been prepared only for writing (i.e., to stabilize the hand). This can explain why FDI and ADM appear to be influenced differently during the preparation to write, and also why the ADM seem to be facilitated only during the preparation to write and not during reaching to point.
Altered Cortico-Cortical Inhibition may Play a Role in the Faulty Preparatory Process in WC
We examined whether the amount of SICI at rest may be a predictor of left M1 excitability changes in the right FDI and ADM representations during the RT. In HV, the larger the SICI FDI at rest, the greater was the enhancement of FDI representation excitability in the left M1 during the RT for a right-hand movement (Fig. 2) . The relationship between the amount of SICI and the enhancement of the MEP in action is complex. The SICI decrease in the period (100 ms) just before a voluntary movement is selectively directed at the corticospinal neurons projecting to agonist muscles, indicating that SICI may be involved in the selection of cortical neurons needed for a particular movement (Reynolds and Ashby 1999) . We propose here that SICI may play a role also in the selection of the appropriate motor pattern during the motor preparation. By analogy with what was proposed for interhemispheric inhibition (Bologna et al. 2012) , individuals with large SICI may have a greater potential for adjusting the pattern of motor representations during movement preparation as a larger space for maneuver is available. Previous studies have shown that SICI is reduced at rest in both hemispheres of patients with WC (Ridding et al. 1995; McDonnell et al. 2007; Huang et al. 2010 ) but the same defect was not found by others (Stinear and Byblow 2004; Brighina et al. 2009 ). We found that SICI was lower in patients than in HV. Also, the correlation between the amount of SICI at rest and the level of MEP FDI facilitation seen in HV, was absent in patients. Since the level of SICI at rest seems to be a predictor of event-related changes in SICI (Heise et al. 2013) , it is conceivable that due to their low level of SICI at rest, these patients cannot recruit enough GABA-ergic interneurons during motor preparation, which in turn may lead to the recruitment of imperfect functional motor maps.
Contralateral Premotor Cortex Impacts Motor Cortex Reorganization During Movement Preparation
Resting-state interhemispheric dPMC→M1 interactions are facilitatory or inhibitory according to the dPMC stimulation intensity and the tested hemisphere (facilitatory interactions from dPMC left →M1 right in Bäumer et al. 2006 and Koch et al. 2008 ; inhibitory from dPMC left →M1 right in Koch et al. 2008 ; and inhibitory from dPMC right →M1 left in our study). We did not find any difference in resting-state dPMC right →M1 left inhibition between patients and controls. Interestingly, Koch et al. (2008) described decreased resting-state dPMC left →M1 right inhibition at high intensities of the conditioning pulse, when comparing focal hand/arm dystonic patients to HV, while no differences were found between the 2 groups for the facilitatory effect at low intensities. They argued that it might reflect abnormal suppression itself or abnormal recruitment of facilitation at higher intensities. Exploring intrahemispheric dPMC→M1 interactions is challenging due to the spread of the TMS effect from PMd to the adjacent M1. This was achieved using specifically designed mini-coils and only excitatory influence from dPMC left →M1 left was found (Groppa et al. 2012a ) at intervals shorter than 5 ms.
During preparation for a right movement but not for a left one, the interhemispheric (in our study) and intrahemispheric (Groppa et al. 2012b ) interactions between dPMC and left M1 were facilitatory 100-125 ms after the GO signal. We observed such a facilitatory interaction in the FDI directly engaged in the motor goal and not in muscles involved in reaching (ECR) or stabilization of the hand (ADM). In addition to this effector and goal-specific facilitatory effect we also observed a decrease/loss of the interhemispheric dPMC right →M1 left inhibitory interaction that was effector-independent (occurring for right and left movement) yet goal-specific and that occurred earlier than the facilitatory effect.
An obvious explanation would be that high-intensity right dPMC stimulation activates the left dPMC through inhibitory interhemispheric pathways. Early in the RT, this inhibitory effect is reduced and intrahemispheric facilitatory effect can appear. Delays for intra-and inter-hemispheric dPMC→M1 interactions are compatible with such a view as inter-hemispheric dPMC→M1 interaction starts for delays (6-8 ms) long enough to include both inter-and intra-(1-2 ms) hemispheric transfers (Groppa et al. 2012b) .
The facilitatory interhemispheric dPMC-induced facilitation did not develop in WC patients. It may relate to a dysfunction of the sending or of the receiving dPMC. In favor of the latter hypothesis, the intrahemispheric dPMC left →M1 left interaction was abnormal in WC patients (Pirio Richardson et al. 2014) in whom left dPMC stimulation at 140 ms after the GO signal in a CRT task induced a small facilitatory effect in controls (+11%), while in WC patients it induced only a withdrawal of the inhibition observed at rest, similar to what we observed for interhemispheric dPMC→M1 interaction.
While the influence of contralateral dPMC on M1, occurs early in the preparation, the influence of contralateral M1 is efficient only later and closer to the movement onset (Liuzzi et al. 2010) . In concordance with this view, both IHIs on the left M1 decreased equally during the preparation for right and lefthand movements in our study, indicating that at this stage, interhemispheric projections between the primary motor cortices were not engaged to facilitate the hand selected for the movement. We did not observe a progressive decrease in IHI during preparation as reported earlier (Liuzzi et al. 2010 ), but found a loss of inhibition as early as 100 ms after the cue. This may be due to the bias introduced by bigger test MEPs during the preparatory phase than during rest that led to underestimation of the inhibition. Alternatively, this may be due to the warning signal preceding the "GO" cue in our study, which might have allowed the 2 possible motor programs to be primed within M1 during the waiting time between the warning and the cue.
Also, we did not find the previously reported decrease in IHI in WCMD+ patients at rest (Sattler et al. 2014) or the isolated loss of IHI 10 for a surround muscle in WCMD+ patients during preparation of a tapping movement (Beck et al. 2009 ).
Mirror Dystonia
We measured the excitability changes of M1 left during the preparation of a left hand movement, to better characterize mirror dystonia. We did not find a specific marker of mirror dystonia yet observed that WC patients have a tendency for mirroring of abnormal movements regardless of the presence of clinically manifest mirror dystonia: the M1 left excitability was enhanced in WC with respect to HV during left-hand movement preparation in both FDI and ECR. However, patients with and without mirror dystonia differed in one respect: WCMD− patients had stronger IHI 40 for the ECR than WCMD+ patients during preparation of a left-hand movement. This could be an adaptation developed to prevent extensor muscles of right forearm from spontaneously mirroring left-hand movements. The majority of our WCMD+ patients had extensor contractions of wrist and finger muscles as their mirror dystonia, which supports the hypothesis of a compensatory mechanism centered around extensor muscles. But since our subgroup of WCMD+ is modest, further investigations are warranted to verify the compensatory model in relation to the different types of dystonic movements in WC (i.e., flexion, pronation etc).
Precautions and Limitations
Several precautions were taken to ensure reliable findings. Subjects were randomly assigned to experiment 1 or 2. By having the sessions scheduled at least 1 week apart, we avoided the influence of 1 session on the other. We used a withinsubject design to limit the influence of the intersubject variability. The RT (time from the visual cue to the EMG activity onset in the FDI) was not different between patients (both WCMD− and WCMD+) and HV, meaning that cortical excitability changes were compared at equivalent time points.
The possible effect of TMS itself on movement execution was not specifically evaluated by comparing RT in the presence and absence of dPMC and M1 stimulations. It was previously shown that TMS applied over dPMC 100 ms after cues during CRT tasks have a complex influence on RT, depending on the hemisphere stimulated, side of movement, and control situation (Schluter et al. 1998 (Schluter et al. , 1999 Johansen-Berg et al. 2002; O'Shea et al. 2007 ). However, Koch et al. (2006) , using stimulation parameters and task design similar to ours, found similar RT when single TMS pulses were applied to the M1 right alone or preceded by dPMC left stimulation. The mean RT in both their and our studies was long, around 800 ms and was probably due to the time needed to process the shape and size of the cue (square or circle, big or small), as both were needed to select the hand to move.
The size of the MEP FDI was strongly modulated during the preparation when compared to rest. This may have influenced the amount of dPMC→M1 or M1→M1 inhibitions, biasing the comparison of inhibition levels between rest and movement. We can exclude this interaction, since the dPMC→M1 inhibition changed from no or small inhibition at 75 ms to facilitation at 100 ms into the RT while the single-pulse MEP sizes were similar at 75 and 100 ms, clearly not influencing the dPMC-induced effect on M1 excitability.
Conclusion
In this study, we integrated for the first time, 2 known pathophysiological features of WC (i.e., impaired intracortical inhibition and premotor cortex excitability), within the new concept of altered motor preparation. We made the novel observation that the level of cortical excitability in the intended and unintended muscle representations at the very beginning of the preparatory motor process is related to the severity of writing impairment. The sensory processing defect in FHD (Tinazzi et al. 2009; Hubsch et al. 2013 ) may be causal in preventing the buildup of activation in the appropriate movement representations during motor preparation. Hence, testing the involvement of the dPMC seems logical considering its major role in integrating sensory signals and motor information in the frame of an intended action (Hoshi and Tanji 2007) .
Supplementary Material
Supplementary data are available at Cerebral Cortex online.
Funding
This work was supported by the Dystonia Medical Research Foundation.
